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ABSTRACT

When a laser beam with an otherwise planar optical wavefront, 1s made to propagate
through a turbulent, variable-index flow field, the beam’s wavefront is imprinted with a time-
varying aberrations over its aperture (beam diameter). These dynamie aberrations degrade the
ability for the beam to be foeused in the far field. In the ease of a laser propagated from an airborne
platform, the far field could be anywhere from kilometers to hundreds of kilometers away. The
effeetiveness of an airborne laser system depends on the beam-eontrol system being able to hold a
spot on the far-field aim point, whieh exeeeds a minimum intensity. The beam’s intensity in the far
field is direetly dependent on how well it can be foeused. In general, there are two distinet regimes
of variant-index flows that eontribute to the foeus-ability: the first is the beam’s path from just
outside the flowfield surrounding the aireraft, through the intervening atmosphere, to the far field,;
and the seeond is the flow traversed by the beam within the immediate vieinity of the aireraft. The
first regime is referred to as “atmospherie propagation.” This grant effort speeifieally addressed the
second regime, the optieal-propagation problem in the immediate vieinity of an airborne platform;
this regime of the optieal-propagation problem is referred to as “aero-opties.” AFOSR-funded
research at Notre Dame has shown that, although propagation through attached turbulent boundary
layers ean reduce the average on-axis intensity in the far field by 5 — 30%, this reduetion in
intensity pales in ecomparison to propagation through a separated shear layer, whieh ean reduee the
intensity in the far field by more than 95%. Adaptive optie systems have been used for deeades to
correet for the aberrations on a beam due to propagation through the atmosphere. These systems, in
their conventional architecture, first sense the wavefront aberration that will be imposed on the laser
beam propagating through the aberrating field, construet a conjugate waveform to eorreet for the
aberrations, and finally deform a mirror onto which the laser is refleeted prior to projeetion through
the aberrating flow. Beeause the frequencies assoeiated with aero-optical flows are orders of
magnitude greater than state-of-the-art, conventional adaptive optie systems, it had been believed
that adaptive-optie correetion for aero-optic effects eould not be done.

The results of the researeh reported here begin with a sueeessful demonstration of a feed-
forward approach to correeting the beam. The approach incorporated flow control to regularize a
Mach 0.78 eompressible shear layer and used a man-in-the-loop approach to phase up and adjust
the amplitude of a traveling waveform being fed forward to Notre Dame’s deformable mirror. The
experiments demonstrated that the intensity on target in the far field eould be inereased from 14%
of the diffraction-limited intensity uncorrected to 70% of the diffraction-limited intensity after
eorreetion. An additional result reported here dealt with the development of an automated
controller to replace the man in the loop. Finally, a large part of this report deseribes results from a
theoretieal analysis of the effeet that apertures play as spatial filters on the aero-optically-imposed
aberrations. This section is fairly complete, as it provides guidelines for many of the parameters
needed to design adaptive optie systems. It also provides a rational basis for many anomalous
findings in the general field of beam control. It is our hope that this report, particularly this last
section will be widely eireulated to the laser ecommunity in the DoD.
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I. INTRODUCTION

When a collimated laser beam of wavelength ~ | pm propagates through a separated
shear layer with a conveetive Mach number as low as 0.15 (high speed side at M = 0.3)
the beam’s wavefront is aberrated to the point that its focused intensity can be reduced by
more than 50% of its diffraction-limited intensity. The study of the aberrating effect of
shear flows is referred to as Aero-Optics.[1] Notre Dame has been studying aero-optics
since 1993 (F49620-93-0163, F49620-97-1-0489, F49620-00-1-0025 and F49620-03-1-
0019) and has made many breakthroughs. The Notre Dame efforts have moved the
understanding of aero-optics from a statistically-based, time-averaged, optical-path-
difference (OPD) approach, based on statistical, fluid-mechanical measurements, to a
formal, causc-and-effeet understanding of optical propagation through boundary and
shear layers.[1,2,3] The work reported here made use of the results of these previous
grants, in particular the knowledge of the aberrating physies, various high-bandwidth
wavefront-sensing instruments developed at Notre Dame, techniques developed using
other commereially-available instruments, and our high-bandwidth deformable mirror,
acquirced under a DURIP grant as part of our high-bandwidth adaptive opties system to
demonstrate the historic adaptive-optic correction of a laser beam projected through a
Mach 0.8 shear layer. This demonstration took place at the very beginning of the present
grant.

Objectives. The objectives of this grant were to make use of forcing to “regularize” a
high subsonic-Mach-number shear layer, developed in the last grant, and to make use of
the characterization of the concomitant optical environment on a large-aperture laser
beam propagated through the regularized shear layer to perform the feed-forward
adaptive-optic demonstration referred to above. In parallel with this demonstration that
involved a man in the loop, the second primary objective was to develop an automated
control system to remove the nced for a man in the loop. Additionally, as has been our
practice in all our AFOSR grants, where interesting lines of inquiry present themselves
we attempt to pursue them; in the present grant this took the form of studying the spatial-
filter characteristics of the aperture placed on the laser beam prior to propagating it
through the shear layer. As this aperture effect is eritical to any control system, it fell
within the general context of the present grant.

Approach. The approaches to achieving the grant objectives were to perform a man-in-
the-loop demonstration of a feed-forward correction of a relatively large-aperture laser
beam aberrated by being propagated through a regularized compressible shear layer.
Next, the optical characterization of the regularized shear layer and its veloeity field were
used to validate the use of a low-order CFD model. Having a sufficiently-faithful CFD
model, the characteristies of laser beams numerieally propagated through the computed
shear layer were used to model control-system architectures for feeding forward to a
deformable mirror the conjugate waveforms nceded to correet the laser beam. Finally,
making use of a successful architecturc, hardware was developed that ean be used to
replace the man in the loop in the shear layer experiments using Notre Dame’s feed-
forward adaptive-optic mitigation approach for regularized aberrating flows.




1. BACKGROUND

Aero-Optics. The projeetion of a eollimated laser beam, of “viewing aperture” 4,,, through
a turbulent flowfield with index-of-refraetion variations, leads to a time-varying aberration
of its otherwise-planar, optical wavefront. These aberrations lead to a reduction in
performance of an optical system making use of the optical “information” eontained over
the viewing aperture. Systems eoneerned with sueh reduction in performanee include, but
are not limited to, airborne laser irradiating systems.

A system’s performance reduetion (induced by turbulent, variant-index flowfields)
can be quantified by analysis of the far-ficld irradiance pattern. [S] The irradiance pattern
is the instantaneous intensity pattern at the target, /(x,y,t), where (0,0) would indicate the
eenter of the aim point. The extent to which the on-axis intensity is reduced as a function
of time, 1(0,0,1), when divided by the highest possible on-axis intensity without aberrations
(referred to as the diffraction-limited intensity), /,, is expressed as the Strehl ratio, SR,

SR(1) = ’(01—0’) 2-1)

The reduction in Strehl ratio due to time-varying, aberrating flowfields can oceur over short
path lengths in the near field (i.c., path length, z, on the order of 4,), or it can oceur over
extended paths (i.e., path lengths, z, much larger than 4,). The former, short-path (near-
field) aberration is usually termed aero-optics and the latter, long-path aberrations are
usually termed atmospheric propagation. These classifications have their origin in the
specific applications with which they are assoeiated [see Refs. 6 and 7, for example]. It has
long been known that placing a conjugate waveform on the beam prior to its transmission
through the aberrating medium results in the emergence of a planar-wavefront beam as it
leaves the medium; systems that sense the aberration, construct and apply the proper
conjugate waveform at regular time intervals are termed adaptive-optic systems, and the
study of sueh systems is known as adaptive optics. [8] The determination of the design
requirements for such systems depends on understanding the spatial and temporal
frequencies of the distorted optieal wavefront for the applieable aberrating flowfields.
Over the last two decades progress has been made in both measuring the wavefront
dynamies for the atmospherie propagation problem and using this information for
designing and applying adaptive-optic equipment and techniques. [9] For aero-optie
problems, on the other hand, until Notre Dame’s successful demonstrations reported here,
no adaptive optic correction for the aero-optic problem was ever demonstrated. The
reason for the inability to corrcet for aero-optic aberrations prior to work reported here is
that the required spatial and temporal frequencies associated with acro-optic problems are
at least an order of magnitude greater than those correctable by the conventional approach
to designing adaptive-optic systems, even for relatively-slow laboratory flows. [10] As
such, the main research thrust in acro-optics until the early to mid 1990’s had been to
attempt to quantify the time-averaged phase variance (or root-mean-square Optical Path
Difference, OPD,s, whieh is related to the phase varianee through the wave number).
Once obtained by whatever means, the phase variance was used to compute an estimate of
the system degradation imposed by the near-field aberrations using the large-aperture
approximation. [1] These statistical methods gave no information uscful to the design of
adaptive-optic systems rcquired to correet acro-optic aberrations. Rescarch at Notre Dame
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supported by AFOSR has focused exclusively on the aero-optics problem, with an
emphasis on understanding how adaptive optics can be applied to the problem. As will be
described later in this report, Notre Dame has introduced flow control into the adaptive-
optic paradigm and developed a feed-forward approach that has now demonstrated a
historie first, the adaptive-optic correction of a laser propagated through an otherwise
devastating Mach 0.8 free shear layer.

Characteristics of Aero-Optic Aberrations. During a previous AFOSR grant, Notre
Dame used a wavefront sensor developed in-house to measure the first-ever, time-resolved
wavefront dynamics for laser propagation through the Mach 0.8 compressible shear layer at
the Amold Enginecring Development Center (AEDC). [11,12] Figure 1 shows two
example time series of measured one-dimensional wavefronts from those tests (5 em
aperturc); these data were taken at two stations, Station 1, right at the splitter plate, and
Station 2, half a meter downstream from the splitter plate. What is most noteworthy in the
data shown in Fig. | is the difference in aberration extent between the Station 1 and Station
2 data. The Station | data is due to the turbulent boundary layer feeding the shear layer
and/or over the extraction window. Even without boundary layer treatment to remove
these aberrations, the level of aberration is quite low. For a one-micron-wavelength beam
the Strehl ratio can be estimated to be ~ 0.91 using the large-aperture approximation. It
might be noted that the Station 2 data contains eyelie tilt, but even when this is removed,
computed far-field patterns yielded a time-averaged Strehl ratio of <0.1.[12] Realistic
beam diameters for a HEL system will not be smaller than 20 em, and when the wavefronts
are extended to apertures, 4p, greater than 20 em the OPD,,,,s increases to 0.43 um, further
reducing the Strehl ratio.

Station 1 Station 2
OoPD ~ 0.05 wm oPD o 0.27 um 5cm AI'
0.43pm 20 em A4,

xQ

rms

xQ

Oplical Patn Diflerence [pm|

Figure 1. Wavefront Measurements Taken for Propagation through the AEDC Compressible Shear
Layer Facility at a Simulated Flight Mach Number of 0.8 at 13,500 ft [Refs. 11,12].

Cause of Aero-Optic Aberrations. Not only were the AEDC data the first of their kind,
the wavefronts at 0.5 m from the separation point presented a far-larger aberration
environment than was expected due to the then-believed cause of the aberrations in
turbulent shear layers. Discovering the cause of the aberrations beecame the objective of
our second AFOSR grant and the result of that investigation led to the now universally-




aceepted causc referred to as the Weaklv-Compressible Model. [2] The key realization at
the heart of the Weakly-Compressible Model is the fact that because of the Kelvin
Helmholtz instability, free shear layers naturally form eoherent structures and, in a frame
convecting with the layer, the flow in the eoherent struetures has high eurvature (see Fig.
2).[1,2] This curvature has a concomitant pressure gradient that lowers the pressure at the
center of the struetures (by several psi in the case of near-transonie shear layers). The low
pressure is accompanicd by a reduction in the density, whieh in turn lowers the index of
refraction. It is this variation in the index of refraction due to the coherent flow struetures
and the accompanying high pressure/density in the braid eonnecting adjacent struetures that
cause most of the acro-optic aberrations in weakly-compressible shear layers. As discussed
in Referenee 2, all other aberrating influenees present in a shear layer, fed by a ecommon
total temperature, have effects that add up to only a small fraction of this prineipal causec.
Although, this cause-and-effect explanation appears to be straightforward, it had long been
thought (i.c., eommon knowledge) that statie-pressure variations in a free shear layer were
negligible (the so-ealled Strong Reynolds Analogy); the Weakly-Compressible Model
argues exactly the opposite.

20
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Figure 2. Cohcerent strueture at an Instant in Time, its Flow field as seen in the Conveetive Frame and
its Concomitant Pressure Well as Computed by the Weakly-Compressible Model [Ref. 2].

When the model was used to compute the AEDC conditions, it showed exeellent
agreement in the large-seale structures, but did not predict the higher-frequency
aberrations on the wavefront data. Further analysis eonvineed us that the higher-
frequency aberrations were due to the turbulent boundary layer over the extraction
window of the tunnel. To simulate the addition of the boundary layer aberrations, an
aberration time series from AEDC Station 1 (as that on the left of Fig. 1, whieh is due to
a turbulent boundary layer) was added to the Weakly-Compressible Model predictions.
The comparisons are shown in Fig. 3, which shows the simulation for the AEDC Station
2 conditions in the upper left hand, the AEDC Station 2 data in the lower right hand, and
the result of adding the Station 1 wavefronts (upper right hand) to the simulations,
resulting in the lower left hand time series. It is clear that the two bottom time series, the
simulation and the data, compare well. [2] Having the model enabled us to infer that the
tilt in the Station 2 data was really a ramification of a larger eoherent strueture eonvecting
past the 5 em aperture used in the AEDC experiments.  Using our model, we were also
able to show that over the larger aperture the OPD,,, increases to ~0.43 um, none of
which can be removed by tilt corrections. In this case the Strehl ratio dropped to 0.011.
[13] Finally, with the help of the model, we were able to scale the aberration effects




mcasured at the AEDC conditions over the small 5 em aperture, not only to larger
apertures, but also to other altitudes and Mach numbers. [14]

Station 2 Numerical Simulation Station 1 Experimental Data
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Figure 3. Example Time Series of Wavefronts: the Weakly-Compressible-Model-computed
wavefronts for thc AEDC, Station 2 conditions (upper left); compared to the Station 2 experimental
wavefronts (lower right); when the Station 1 wavefronts (upper right) are added to the computed
wavefronts, the comparison is even bettcr (lower left) [Ref. 2].

Based on the good agreement with the predicted acro-optic characteristics for the
AEDC shear-layer and the measured wavefronts, it was clear that the most controversial
assumption within the weakly compressible model was the setting aside of the Strong
Reynolds Analogy. As such, in the last AFOSR grant a compressible shear layer facility
was designed and constructed at Notre Dame to reproduce the shear layer at AEDC and
used to validate the presence of pressure wells within the coherent struetures in the shear
layer. Figure 4 shows a flow visualization and measured pressure well within a coherent
structure in a shear layer matching the AEDC conditions. Figure 4 may be compared to
the weakly compressible model predictions in Figure 2. [15]

As a final comment regarding the aero-optic environment associated with the flow
around an airborne beam director, it is clear that the most degrading flow environment is
due to separated flows. Referring to the Station 1 data in Figure 1, a turbulent boundary
layer does induce aberrations on a laser passing through it; however, these aberrations are
relatively small compared to that induced by propagation through a free shear layer.
Although the OPD, for propagation through a turbulent boundary layer is relatively
low, it should be kept in mind that from time to time the instantancous Strehl ratio (Eq. 2-
1) ean drop to near zefo. Thus while the average Strehl ratio is high, some applications,
such as free-space communication, may nced to be concerned with turbulent boundary
layers.
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Figure 4. Experimental validation of the Weakly Compressible Model [Ref. 15].

Flow-Control, Feed-Forward Adaptive-Optic Foundations. Having now a physieal
cxplanation for the abcrrating cffects duc to propagation through a frce shear layer, it is
possible to contcmplatc flow control approaches to mitigating its aero-optical cffccts. In
fact, sevcral Air Force Programs are presently investigating flow control influenccs on
aero-optic cnvironments. Many of these arc specifically directcd toward attempting to
suppress the formation of large coherent struetures in a shear layer by the introduction of
smaller-seale disturbances into thc shear layer ncar its scparation point. On the other
hand, Notre Dame has long advocated the use of flow control to regularize the shear layer
in such a way that its aberrating structures become “regular” and predictablc so that feed-
forward approaches to adaptive-optie eorreetions become tcnable. 1t is well known that
free shear laycrs arc reccptive to foreing at the separation point; Reference 4 1s a review
artiele on the topic. Based on the information contained thercin, the most cfficient
approach is to foree a shear laycr is at its most unstablc frequeney and this is the
approach taken for the heated jet demonstration reported below. Morc recent results have
shown that forcing can stabilize a shear layer over some distance [16] (rccall from the
Introduction that Notrc Dame infcrred that stabilization meant rcgularization). In
addition, the morc rccent litcrature describes other charaeteristics of the forced shear
layer that can influencc the choice of forcing frequency. Figurc 5 demonstratcs that a
shear layer can be caused to stay at the same thickness, that is to say, stabilize its
thickness, and that the choice of forcing frequency controls the location wherc the shear
layer’s thiekness is stabilized; these experiments were performed for relatively high
Reynolds number shcar laycrs, albeit for low Mach numbers. As shown in Figurc 5, the
lower forcing frequencies causc the shear layer to be eontrolled to farther-downstrcam
distanccs. This fact will be returned to when discussing our forcing experiments for the
compressible shear layer. While the literature did not suggest that the shear layer becamc
“rcgularized” in the sense that every strueture conveeting through this region is identical
and its passagc is pcriodic, the fact that the coherent structurc size is related to the shear
layer thickness implied to us that regularization was possible. If, indccd, shcar layers
could become regular and if the aberration patterns had a concomitant rcgularization,
then making flow control part of the adaptive-optic scheme could allow a fced-forward
adaptivc optic correction that would circumvent the bandwidth himitations imposed by
the timc delays associated with wavefront sensing, conjugatc computation and




application, and any latencies present in the electronics associated with the deformable
mirror and its drivers.
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Figure 5. Evidence of the receptivity of a shear layer to forcing by oscillating a trailing edge flap
[Ref. 16].
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11l. FEED-FORWARD DEMONSTRATION

The first accomplishment of this grant was to take advantage of a number of major
accomplishments from the previous grant to demonstrate feed-forward adaptive-optic
correction of a 19 em X 10 em lascr beam propagated through a compressible shear layer.
Previously developed and demonstrated was the usc of voice-coil actuators to robustly
force and regularizc a Mach 0.78 high-spced-side shear layer. Although morc-thoroughly
documented in this grant, phase-locked wavefront information, locked to the forcing
signal, was used to construct mathematical models for thc wavefront patterns being
produced by the regularized shear layer. Conjugate wavefronts were then constructed as
a function of phase angle and used to dcterminc actuator displacements on Notre Dame’s
deformablc mirror. The final feed-forward adaptive-optic correction was performed by
synchronizing the actuator displacements to the forcing signal, the adjustment of
amplitudc and phase delay being controlled by a man in the loop.

Shear Layer Forcing. In the last grant a new shear layer facility was designed and
constructed, as shown in Figure 6. The new design included a new inlet for a wider test
scction and included a downstrcam throat to choke the flow and prevent pressurc
disturbances from the vacuum pumps from propagating into thc test scction. [17]

High-Speed Flow

Turbulent Mixing 03<M<1.0

Layer

Sonic.
Comprsssor-

Quieting Throat Jptical Acc Flow .03<M< .2

Figure 6. New Compressible Shear Layer Facility [Ref. 21].

Two flow-control actuators were shown to be successful; the most robust actuator type
was found to be voice-coil actuators made from 0.3 W speakers cut so that thc diaphragm
was free to move perpendicular to the flow direction. The amplitude of the motion was
as high as 1 mm for the lower frequencies (< 500 Hz) rapidly dropping off with
increasing frequency. Figure 7 shows the actuators mounted in the splitter plate.

For much of the wavefront capture and correction experiments a 13.3 em round
beam was used that was slightly clipped to 11.4 cm by the sides of the test section in the
cross-stream direction. The captured wavefronts were then extensively analyzed using a
proper orthogonal decomposition (POD) analysis. It was found that the majority of the
aberration imposcd on thc beam by the forced shear layer was contained in the first 2
POD Eigen modes. These 2 modes consisted essentially of purely two-dimensional,
streamwise-varying aberrations that werc periodic with frequencics at the fundamental
and first sub-harmonic of the 750 Hz forcing frequency, and could be reproduced to great
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accuracy with Notrc Damc’s dcformablc mirror (DM). Off-line characterization of the
time-averagcd DM waveforms allowed the development of a strategy for feeding the
waveform forward to the DM to correct the shear-laycr abberratcd beam. This strategy
proved successful the first time 1t was tried. As noted above, most of the work was
performed using a 13.3 em beam; however, using 750 Hz forcing the beam capturcd only
about half of a wavelength of the aberration such that corrcctions associated with these
beams consisted mostly of tilt correction. More ambitious experiments were performed
using a 19 em beam, again clipped by the facility to 11 em in the cross-stream direction.
Selected frames covering one 750 Hz eycle are shown in Figure 8.

Figure 7. Voice-coil actuators mounted at the edge of the shear-layer splitter plate.

The frames in Figure 8 show only one half of the two-cycle, sub-harmonie
repetition of the aberration; the other half of the two-cyele repeat was similar, but
sufficiently different so that it required a different conjugate wavcform on the DM. In
order to correctly phase-lock the order of the two-cycle repeat of the DM waveforms with
the shear-layer aberration, a sub-harmonic of 10% amplitude was added to the 750 Hz
forcing signal. Details of the entire process are contained in the dissertation of Dr. Dan
Duffin [22] and will be forthcoming in a series of papers.

Adaptive-Optic Correction. Oncc the wavefronts were obtained, conjugates werc
constructed using the phase-lock-averaged temporal coefficients from the first three
cigenmodes for feeding forward to the DM. Then timc (phase-angle) series of actuator
displacements were constructed for cach DM actuator. These displacement phasc-angle
scries were then converted to voltage waveforms and loaded into memory in a waveform
gencrator for each of the 37 DM actuators. The DM was then run and its conjugate
waveform measured and compared to the conjugate of thc measurcd wavcfronts from the
regularized shear layer. Onc example data series from that demonstration is shown in
Figure 9. Figurc 9 shows a series of OPD,, wavefront error over an entire cyele of
phase angles with the DM running a range of dclays from the forcing-signal trigger. As
can be scen in the figure, when the mirror 1s properly phase delayed, the error drops to
just over 0.1 um (240°-270°).




Figure 8. Series of 12 wavefronts spaced by approximately 1.0 X 10™ seconds apart for a 19 cm X 11
cm laser beam propagated through a compressible shear layer (Mypper = 0.78, Mijgwer = 0.15) forced by
voice-coil-actuators at 750 Hz; the beam was propagated normal to the shear layer and centered at

0.5 m from the splitter plate.
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Figure 9. Residual Wavefront Error as a function of deformable-mirror phase delay (10 July 2006).
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The Figure 9 data were based on individual wavefronts taken with a phase-locked
pulsed laser with a 7 ns pulse length. The Strehl ratio was construeted from far-field
reconstructions for a I um laser and the on-axis intensity after tilt removal was divided
by the diffraction-limited, on-axis intensity fora 19 em X 11 em aperture beam; two
seleeted series of twelve far-field patterns over a range of phase angles, one series for the
uncorreeted beam and one series for the correeted beam, are shown in Figures 10a and
10b, respeetively. The residual OPDppys error in the corrected series was ~ 0.14 um.
Close analysis of the wavefronts and boundary-layer measurements showed that out of
this OPDy,s residual crror, approximately 0.07 of it was due to the turbulent boundary
layer on the high-speed wall of the tunnel at the beam-extraction window.

Figure 10a. Uncorrected Far-Field Patterns for a > = 1.0 pm laser.




Figure 10b. Corrected Far-Field Patterns for a2 A = 1.0 pm laser.

[t should be noted that the aperture was rectangular with the shorter dimension in the
cross-stream direction; the result of this aperture is that the diffraction-limited beam
becomes elongated as shown in Figure 10b. The diffraction-limited pattern would be a
double sinc function elongated in the vertical, cross-stream direction. In Figure 10b, the
cnergy is split into a scrics of clongated spots which is reminiscent of the aberration
being nearly one-dimensional and a sine wave, like a wavy grating.

Figure 11 summarizes the results of the 19 em X 11 em correction experiments.
Figure 11 shows the dramatic improvement in the far-ficld irradiance from a Strehl ratio
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of ~ 0.14 prior to correction to ~ 0.66 aftcr correction. The final eorreetion to a Strehl
ratio of 0.66 represents a reduction in OPDy,,,s from ~ 0.23 pm to ~ 0.1 um, a reduction of
more than 3 dB. When the turbulent boundary-layer contribution is factored in as a root-
sum-square contribution, the improved OPD, drops to below 0.1 pm.

Adaptive-Optic Correction of Mach 0.68/.1 Shear Layer (8" Beam)
1 I— — T T T v
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ADO Corrected

08 Mean Strehl = 0.66
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Strehl Ratio

Uncoirected ‘
Mean Strehl = 0.14 ~ ‘

/ p
- u
i " g2 \_,,(\i—"\"l

A=10um

L i L s 2
0 45 B0 135 180 5 270 315 30
Phase Angle, Degrees

Figure 11. Strehl Ratio for an 8 inch diameter laser beam projected through a Mach 0.8 separated shear layer
with and without Notre Dame’s Feed-Forward AO approach



V. AUTOMATED FEEDFORWARD CONTROL SYSTEM

Introduction. The previous section described suceessful feed-forward experiments that
made use of a man in the loop. This sectjon deseribes work performed under this grant
that culminated in the construction of an automated control system that has been
demonstrated off line to be able to adjust the amplitude and phase of the DM’s conjugate
correction. Using the DVM/WCM numerical models discussed in the previous section, it
was found that a regulanzed shear layer imposes nearly sinusoidal aberrations onto a
transiting beam with frequencies corresponding to the fundamental and first sub-
harmonic of the forcing frequency [22,26]. As deseribed in Section 11, this kind of
regularization was eonfirmed in experiments condueted in the University of Notre
Dame’s compressible shear layer wind tunnel (see Figure 8, for example). In addition to
the wavefront measurements shown in Figure 8, measurements have also been made on
small-aperture beams that traversed the flow. These small-aperture beam tests showed
that, when the shear-layer was unforced, the beam jitter gave an extremely unpredictable
signal, but gave a ncar-periodie, sinusoidal jitter signal when the shear-layer was foreed
and regularized. This single, essentially sinusoidal jitter signal from a small-aperture
beam propagated through the regularized shear layer formed the basis for the AO
controller developed under this grant.

Automated AO Controller. The controller design made use of the computational and
experimental data showing that the wavefront of a beam transiting a regularized shear
layer is essentially sinusoidal with frequeney eomponents at the fundamental and sub-
harmonie of the foreing frequency [20]. Using this fundamental/sub-harmonic sinusoidal
estimate for the aberrated wavefront, a traveling conjugate correeting wavefront was
applicd to the deformable mirror while amplitude and phase adjustments were performed
by the controller. Once the wavefronts become synchronized, the outgoing wavefront
aberrations are reduced, thereby increasing the beam’s on-target intensity in the far ficld.

The optical path difference (OPD) associated with the forced shear layer was
assumed to be of the form,

OPD, (t,x) = A, sin(k x—wyt+¢,), “4-1)

where Ay, kg, wy, and @y are the amplitude, wave number, angular frequeney, and phase
of the forced shear layer’s resulting optical wavefront. Since the wave number and
angular frequency of the shear layer OPD are known, the deformable mirror is driven by
a waveform with corresponding OPD given by

OPDp,, (t,x)= Ay, sinlk ;x—w t+ ¢, ), (4-2)

assuming that the deformable mirror phase sheet can form the desired sinusoidal wave.
The variables Apa and @pas in Eq. (4-2) represent the amplitude and phase of the wave
traveling across the deformable mirror; these two variables are unknown and optimized
via the AO controller. The goal was to usc estimates of 4, and @, to determine the
amplitude, Apy, and phase, @py, of the deformable mirror sueh that the difference
lopD,,, -0PD,| becomes minimized. This is accomplished using a feedback control

system known as a phase-lock-loop (PLL) [23]. The PLL uses an estimate of the phase
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difference between the incident wavefront and the deformable mirror to synchronize the
phase of the deformable mirror’s wavefront with the phase of the ineident aberrated
wavefront. This approach replaces the need for an array of two-dimensional real-time
wavefront measurements (which become bandwidth limited in the case of high-speed
acro-optic disturbances) with a single one-dimensional position-sensing device.

AO System Setup. The eventual AO system will consist of a deformable mirror,
two small-aperture position-sensing devices, a feed-forward eontrol eircuit and a
feedback control eireuit as shown in Fig. 12. In a future high-speed shear layer
experiment, a single small aperture laser beam will provide feedback information to the
AO controller while a large aperture beam propagates through the flow and off the
deformable mirror applying corrections.
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Figure 12. Adaptive-Optic controller and high-speed shear layer experimental setup.

The small aperture laser beam provides a non-intrusive means of gathering feedback
information for the controller. In the eventual device, a small aperture beam will be
propagated through the regularized shear layer. For the control experiments presented in
this report, the jitter signal from this beam was simulated using a funetion generator. The
single beam will then be separated into two beams using a beam splitter. The incident
beam will be directed onto the first position sensing device, measuring the time varying
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signal due to the aberrating regularized wavefront and appropriately filtered to eapture its
sinusoidal nature. The filtered signal will then be used as an input into the analog feed-
forward circuit that estimates the amplitude of the aberrated wavefront. This signal will
also be used in the feedback circuitry to determine the phase difference between
wavefronts. The portion of the laser beam which passes through the beam splitter will be
reflected off the deformable mirror and redirected by the beam splitter onto another
position sensing deviee and filtered produeing a signal equivalent to the shear layer jitter
minus the deformable mirror jitter (65 - Opar). This signal will be subtracted from the
shear layer jitter signal to recover the jitter associated with the deformable mirror alone.

Phase-Lock-Loops (PLLs). Phasc-lock-loops (PLLs) are one of the most ecommon
feedback systems designed and built by engincers. They are used in a variety of
applications such as communication and storage devices, radio and television, ctc. A
PLL adjusts its frequency with the goal of synchronizing itself with a reference source or
input signal. The typical PLL consists of a phase detector (PD), loop filter (LF), and
voltage-controlled oscillator (VCO). The PD compares the phase of the reference source
with the output from the VCO; this may be accomplished using a multiplier (or mixer)
along with a low pass filter. The reference souree is mixed, or multiplied, with the output
signal producing both a sum and a difference signal. When the frequency bececomes
locked, this results in a harmonic term at twice the input frequeney and a D.C. bias term.
A low pass filter is used to attenuate the double frequencey term, yielding a D.C. error
signal proportional to the phase difference between the reference source and the VCO
output. The LF filters the error signal and provides a useful design tool for the control
engineer to create the desired system tracking response. Second and third order closed
loop transfer functions are commonly designed duc to their s